A small compression ignition (CI) engine with a rated power of 4.41 kW has been tested in dualfuel (diesel-biogas) mode without any significant modification. The objectives are to explore the effects of biogas flow rate and methane concentration on the performance and emissions of the CI engine run in dual-fuel mode. The experiments have been carried out at engine load and speed vary from 1000 rpm to 1500 rpm and 600 W to 1500 W, respectively. The results show that the output power and specific fuel consumption of the CI engine run in dual-fuel mode are higher than the CI engine run in pure diesel mode. Brake thermal efficiency of the CI engine run in dualfuel mode strongly affected by biogas flow rate and methane concentration. There exists an optimum biogas flow rate for a maximum brake thermal efficiency. The biogas can reduce the diesel fuel consumption significantly. In the present CI engine, diesel replacement ratio varies from 15.3% to 87.5%. At engine load and speed of 1500 W and 1500 rpm, to get maximum efficiency, the present CI engine should be operated at biogas energy ratios of 15% and 18% using biogas with 60% and 70% methane concentrations, respectively.
Introduction
Green House Gases (GHG) emissions which result in global warming is a serious problem for the human being. Total anthropogenic GHG emissions were the highest in the history from year 2000 to 2010 and reached 49 ( ± 4.5) Giga ton CO 2 eq/year in 2010 [1] . Many governments addressed their commitment in reducing GHG emission. The Government of Indonesia (GoI) has released a target in reducing its GHG emissions by 26% from level business as usual by 2020, and this target can be increased up to 41% by international aids [2] . One of the significant sector of emission sources is energy sector which includes burning fossil fuel in transportation and machinery [3, 4] . In the transportation and machinery, the largest fuel consumption is diesel fuel [5] . Thus, reducing consumption of diesel fuel in CI engines will give a significant impact on mitigation of GHG emissions. Due to the thermodynamic principle of combustion engines and the Carnot cycle limit, the emission target from the transportation and machinery can only be achieved with fuel change or blending with biofuel such as biogas. The biogas is an important source of biofuel produced from anaerobic biodegradation of organic material. It consists of methane typically range from 40 to 70% and its low heating value is between 15 and 30 MJ/Nm and fueled with biogas only [12] [13] [14] and the second one is dual-fuel mode (diesel-biogas). In the first method, the CI engine needs extreme modification, because it must be converted into spark ignition engine. Chandra et al. [12] reported a study on the performance evaluation of a 5.9 kW CI stationary engine which is converted to spark ignition. The engine run on compressed natural gas (CNG), methane enriched biogas (Bio-CNG) and biogas produced from bio-methanation of Jatropha and Pongamia oil seed cakes. The composition of the methane (CH 4 )-enriched biogas is 95% CH 4 − 3% CO 2 (Carbon dioxide) and the biogas is 65% CH 4 − 32% CO 2 . The results revealed that the methane-enriched biogas showed almost similar engine performance as compressed natural gas in term of brake power output, specific gas consumption and thermal efficiency. Lee et al. [13] studied experimentally a 30 kW biogas power generation enhanced by using waste heat to preheat inlet gasses. The effect of preheating the inlet gas to different temperature was investigated by applying a waste-heat recovery system. The results showed that power generation increases with increasing biogas methane concentration, except when excess air ratio less than 0.85. However, thermal efficiency increased with increasing methane concentration only when excess air bigger than 0.95, although, on the relatively rich side, there was no benefit. The improved generator performance obtained by preheating the inlet gas was apparent when the excess air ratio is relatively high, such as bigger than 1.3. An agricultural CI engine, single cylinder, four strokes, indirect injection engine, 598 cc, and compression ratio of 22 was converted into spark ignition engine and operated 100% on producer gas [14] . The results showed that maximum brake thermal efficiency of 23.9% was obtained. The smoke density of the engine was lower than the diesel engine; however, carbon monoxide (CO) emission was higher with similar hydrocarbon (HC) emission. The same strategy was also used to convert an original CI engine into spark ignition engine and fueled with biogas [15, 16] .
The second method of using biogas in a CI engine is dual-fuel mode. In the CI engine run in dual-fuel mode, after compression of the charge comprised of biogas and air an amount of diesel, called the pilot is injected. This injected pilot fuel gets self-ignited and then becomes the ignition source for the inducted biogas. The main advantage of a CI engine run in dual-fuel mode is it can work with a wide variety of gaseous fuels without significant engine modifications [17] . Several studies on the CI engine run in dual-fuel mode have been found in the literature. Bedoya et al. [18] studied the effect of mixing system and pilot fuel quality on the performance CI engine run in dual-fuel mode. The tested CI engine was four stroke, two cylinders, air cooled with rated power of 20 kW at 3000 rpm and biogas methane concentration is 60%. The results showed that it was possible to achieve full diesel substitution using biogas and biodiesel as a power source. Thermal efficiency and substitution of pilot fuel were increased in the supercharger mixing system, on the other hand, methane and carbon monoxide emissions were decreased. Cacua et al. [19] reported an experimental study on the effects of oxygen enriched air on the operation and performance of a dual-fuel engine. The biogas composition was 60% CH 4 -40% CO 2 and the oxygen concentration in the intake air engine was varied from 21% to 27% O 2 . The experiments were carried out with a stationary four strokes and two cylinders CI engine with a rated power of 20 kW at 3000 rpm coupled with a generator. The results showed that enriched air with oxygen would decrease ignition delay time and methane emissions and thermal efficiency was increased.
Tippayawong et al. [20] carried out a study on electricity production for on-farm using a small CI engine run in dual-fuel mode using biogas with methane concentration 65.6%. The main objective was to evaluate the effect of long-term operation on performance and wear of the dual-fuel engine. The CI engine was tested for 2000 h of operation. The results showed that biogas could replace 90% of diesel consumption and minor surface wear was evident but not significant enough to cause deterioration in engine performance. Overall, the dual-fuel engine appeared to perform well and have great potential for use on-farm energy utilization. Makareviciene et al. [21] explored the impacts of methane concentration in a big CI engine four stokes and four cylinders when operated under dual-fuel (diesel-biogas) mode. The power of the tested engine was 66 kW at 4000 rpm with biogas composition was 65%, 85%, and 95% of methane. The impact of exhaust gas recirculation (EGR) was also explored. Tonkunya and Wongwuttanasatian [22] reported a study on the utilization of biogas-diesel mixture as a fuel in a fertilizer pelletizing machine for reduction of GHG emission in small farms. The results showed that by using biogas in a CI engine run in dual-fuel mode, a reduction in diesel fuel of 63% was achieved. Nathan et al. [23] performed an experimental study on the biogas-biodiesel homogenous charge compression ignition (HCCI) mode of engine operation to investigate the potential of the HCCI concept to utilize biogas effectively. The conclusion of the study was thermal efficiencies close to diesel engine values can be obtained in the HCCI mode. Ibrahim et al. [24] studied the effects of injection timing, biogas energy ratio, and intake charge temperature on performance, emissions, and combustions characteristics by using HCCI mode diesel engine. The effects of compression ratio on performance, combustion and emissions characteristics using raw biogas on small CI engine 3.5 kW is reported by Bora et al. [25] . The effects of combustion strategies [26, 27] and optimizing the injection timing [28] for several type and size of CI engine run on dual-fuel have been explored.
In order to replace the dependency on fossil fuel, the CI engine can also be operated with dual-fuel using biodiesel-biogas mode. Here, the biogas is the main fuel and biodiesel resulted from vegetable oil is used as pilot fuel. Several researchers have reported their works related on biodiesel-biogas [29] [30] [31] [32] [33] . Yon and Lee [29] published a study on the comparison dual-fuel CI engine with dieselbiogas and biodiesel-biogas engine. The parameters investigated are combustion characteristics of single fuel and dual-fuel diesel and biodiesel also dual-fuel with biogas. Luijten and Kerkhof [30] used Jatropha oil and biogas in a dual-fuel CI engine for rural electrification. Several operational parameters of the CI engine run in dual-fuel mode by using biodiesel have been explored. Those are the effects of compression ratio using rice brand biodiesel [31] , the effects of injection pressure and injection timing using waste cooking biodiesel [32] , the effect of indirect injection using blends biodiesel [33] , the effect of preheating on the engine using Jatropha biodiesel and using neat Jatropha and Karanj biodiesels.
The above literatures show that research on CI engine run in dual-fuel mode has come under scrutiny in order to decrease diesel fuel consumption and to mitigate GHGs emissions. The focus of those studies varies from effects of mixing system, oxygen enrichment of the inlet air, long-term operation, the source of biodiesel, etc. Those strategies mainly applied significant modifications to the original CI engine such as compression ratio modification, pilot fuel injection systems, etc. In case the biogas is absence, the CI engine is not easily turned back into pure diesel mode. Such strategies will be difficult to be implemented in the remote areas. In this study, a study on CI engine run in dual-fuel mode without any significant modification is proposed. The performance and emission characteristics of a small CI engine run in dual-fuel mode without any engine modification will be investigated. Effects of methane concentration and biogas flow rate will be examined. The objectives are to explore the performance and emission characteristics and to seek the optimum operational conditions of a small CI engine run in dual-fuel mode without any significant modification. The results are expected to supply the necessary information on development an alternative solution to enhance biogas utilization.
Experimental method

Experimental apparatus
In order to perform the study, an experimental apparatus has been designed and developed as shown in Fig. 1 . It consists of one unit of a small CI engine, a generator, a series of lamps, biogas tank, gas mixer, and measurements apparatus. The specifications of the CI engine are presented in Table 1 . It is a single-cylinder four strokes CI engine fueled by diesel fuel. The maximum output power and weight of the CI engine are 4.86 W and 65 kg, respectively. This type of CI engine is typically found in Indonesian small farmer for agricultural works such as in mini tractor. The engine was tested in two operation modes; they were single-fuel mode and dual-fuel mode. In the single-fuel mode, the CI engine was tested in several engine speeds and loads. The electric output power and fuel consumption were measured. In the dual-fuel mode, a gas mixer has been designed and developed to mix the fresh air with biogas. The biogas is stored by compressed in a particularly designed tank. The biogas from the tank was flowed into the intake manifold and mixed with fresh air. The mixture of the fresh air and biogas were injected into the CI engine. Methane concentration of the biogas and the flow rate were varied and the engine is tested in several engine speeds and loads.
The CI engine was coupled with a single-phase synchronous generator using a pulley. The specifications of the generator are as follows. The rating frequency, rating voltage, and maximum power are 50/60 Hz, 115-230 V, and 3 kVA, respectively. The electricity from the generator will be used to light a series of lamps which can be operated at load 600 W, 900 W, 1200 W, and 1500 W. The present biogas was produced from anaerobic biodegradation of cow manure by using digester. Methane concentration of the biogas was measured by using Gas Chromatography. The raw biogas consists of CH 4 60% and CO 2 40% of volume, hereafter named as BG60M. To increase the methane content of the biogas, the raw biogas is filtered using boiler ash produced from Palm oil mill. The enriched biogas consists of 70% CH 4 and 30% CO 2 , hereafter named as BG70M. The low heating value (LHV) of the BG60M and BG70M are 17.69 MJ/kg and 20.56 MJ/kg, respectively. The diesel fuel is purchased from PERTAMINA the government-owned fuel retailer in Indonesia. Before used, the LHV of the diesel oil is measured. The LHV is 42.64 MJ/kg. For all loads and fuels, the engine speed was varied from 1000 rpm to 1500 rpm. The characteristics of the exhaust gas are measured using engine smoke meter and gas analyzer. The model of the engine smoke meter is HD-410 with main specifications are as follows. The measuring range, absorption coefficient, oil temperature, and operation temperature are 0.00-100%, 0.00-21.42 m −1 , 0-800 rpm, 0-100°C, and of −10-40°C, respectively. The model of the gas analyzer is HG-510 with specifications measuring range of CO and HC are 0-9.99% and 0-9999 ppm, respectively. The operating temperature, power, and serial number are from −10 to 40°C, 220 V, and 2G9C0101, respectively. The temperature is measured using thermometer type of KW 06-278 Krishbow with an accuracy range of ± 0.5% ± 1°C. The electric load is measured using a multitaster meter CD 800 A. The engine speed of the CI engine is measured using Tachometer. Experimental procedures are explained as follows. In the first mode, the CI engine is run on diesel only. The load is varied from 600 W to 1500 W and engine speed is ranged from 1000 rpm to 1500 rpm. For every load and speed, when the CI engine is stable, the measurement is carried out for 5 min. In the dual-fuel mode, the biogas from the tank is mixed with the fresh air using the mixer. The pressure of the biogas from the tank is decreased to 1.8 bars by using a gas regulator. The flow rate of the biogas is varied from 2 to 6 l/minute (L/min). For every biogas flow rate, the load is varied from 600 W to 1500 W and the engine speed is varied from 1000 rpm to 1500 rpm. The same measurements when the engine run in single-fuel mode are also carried out. Thus, a total of 192 experiments have been performed and every experiment is repeated for three times and the results are averaged.
Problem formulation
In order to perform the analysis, several parameters are used and they are defined and formulated. The performance of the CI engine will be analyzed using the electric output power, efficiency, and specific fuel consumption. The output power P E (Watt) of the CI engine is calculated by using the following equation
where V [Volt] and I [Ampere] are voltage and current of the electricity resulted by the generator, respectively. The brake thermal efficiency is defined as electric power divided by total energy input to the CI engine. For the CI engine run in pure diesel mode, it is calculated by
where H diesel [kJ/kg] is the heating value of diesel fuel. While for the CI engine run in dual-fuel mode, the brake thermal efficiency is calculated by 
While for the CI engine run in the dual-fuel mode it is defined as:
In the analysis, biogas energy ratio (ber) is also used and it is determined as the ratio of energy input from biogas to the total energy input from biogas and diesel fuel. It is calculated by:
Using the above-formulated parameters, the performance of the CI engine when it is run on pure diesel and dual-fuel modes will be analyzed.
The objective of introducing biogas into the CI engine is to replace diesel fuel consumption. To present the percentage of diesel fuel replaced by the biogas, the replacement ratio [r] is defined as reduced diesel fuel consumption when the CI engine run in dualfuel mode and when it run in pure diesel mode. The ratio is calculated by
where ṁd iesel [kg/s] is the mass flow rate of the diesel fuel in single-fuel mode and ṁd ual [kg/s] is the diesel mass flow rate of the diesel fuel in dual-fuel mode.
Results and discussion
The CI engine has been tested at different operational conditions and fuels as explained in the methods. The results are discussed in 5 subsections; they are output power, brake thermal efficiency, specific fuel consumption, exhaust gas emissions, and diesel replacement ratio.
Output power
The output power as a function of engine speed is shown in Fig. 2 . The figure shows that the output power increases with increasing engine speed. At the same load and speed, the output power of the CI run in dual-fuel mode is higher than pure diesel mode. The same trend also reported by Tippayawong et al. [20] . This is because in the CI engine run in dual-fuel mode, injecting biogas into the combustion chamber will increase energy input to the engine. Even though, at the same time, injecting biogas will reduce diesel fuel flow rate. However, in the case of the CI engine run in the dual-fuel mode, the total energy input from biogas and diesel fuel is bigger than pure diesel. For instance, in a case when the CI engine is operated at load and engine speed of 1200 W and 1400 rpm, respectively, as shown in Fig. 2c . The output power of the CI engine run in pure diesel is 919.7 W. If the CI engine is 
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Case Studies in Thermal Engineering 10 (2017) [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] operated in dual-fuel mode with biogas BG60M and BG70M at flow rate of 4 L/min, the output powers are 950 W and 992.71 W, respectively. In other words, the output power of the CI engine run in dual-fuel mode increases 3.29% and 7.94%, respectively. The measurements show that diesel consumption of the CI engine run in pure diesel is 528 ml/h or equal to energy input rate of 5.128 kJ/ s. When the CI engine run in dual-fuel mode the diesel fuel flow rates are 367.2 ml/h and 350.4 ml/h for BG60M and for BG70M, respectively. These equal to total energy input rates 5.469 kJ/s and 5.615 kJ/s for BG60M and BG70M, respectively. Thus, the total energy input increases 6.65% and 9.5%, respectively. In other words, the energy input to combustion chamber of the CI engine run in dual-fuel mode is higher than pure diesel. The same trend is also shown by the engine at different load and engine speed. This fact reveals that the output power of the CI engine run in dual-fuel mode is slightly bigger than pure diesel mode. This is because the total energy input increase with increasing biogas flow rate. The increasing methane concentration in biogas shows the higher output power.
Brake thermal efficiency
The second performance parameter that will be discussed is brake thermal efficiency. It is calculated using the electric output power resulted by the generator divided by total energy input as formulated by Eq. (2) and Eq. (3). Fig. 3 shows brake thermal efficiency vs. engine speed for all loads. In general, the figure shows that brake thermal efficiency increases with increasing engine speed. However, at higher engine speeds the increasing rate of efficiency is decreased. This is because at output power close to the maximum engine output, the brake thermal efficiency will close to its maximum value. As a note, the rated output and rated speed of the present CI engine are 4.41 kW and 2600 rpm, respectively. In the experiments, the highest engine speed is 1500 rpm. Thus, the present brake thermal efficiencies are below the maximum value. 
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The effect of biogas flow rate on the brake thermal efficiency can be seen by examining each graph shown in Fig. 3 . At engine load 600 W and low biogas flow rate (2 L/min), the brake thermal efficiency of the CI engine run in dual-fuel mode is higher than pure diesel mode. At low engine load, the brake thermal efficiency is relatively lower. Injecting biogas into the combustion chamber will decrease diesel fuel consumption and lead to increasing efficiency. However, at higher biogas flow rate (4 L/min and 6 L/min) the brake thermal efficiencies of the CI engine run in dual-fuel mode is lower than pure diesel mode. This fact occurs for both BG60M and BG70M. The similar phenomena are also shown by the CI engine loaded with higher loads (900 W and 1200 W). At low biogas flow rate, the brake thermal efficiency of the CI engine run in dual-fuel mode is better than pure diesel. For cases with biogas flow rate of 4 L/min, only the BG70M shows a better brake thermal efficiency in comparison with the engine run in pure diesel. When the CI engine is operated at a higher load 1500 W, the brake thermal efficiency of the engine run in dual-fuel mode at biogas flow rate of 2 L/min and 4 L/min is the better than brake thermal efficiency of the engine run in pure diesel. However, at higher biogas flow rate of 6 L/min, the brake thermal efficiency is lower. This is because at higher biogas flow rate, the total energy input and CO 2 concentration in the combustion chamber is higher. This leads to a lower combustion temperature, lower flame propagation, and increased negative compression work caused by induction of large biogas air mixture.
The above facts show that operating the CI engine in dual-fuel mode with lower biogas flow rate results in a higher brake thermal efficiency in comparison with the engine run in pure diesel. However, at higher biogas flow rate the CI engine results in a lower brake thermal efficiency. This reveals that there will be an optimum biogas flow rate for maximum brake thermal efficiency. In order to explore this fact, brake thermal efficiency as a function of biogas flow rate at a constant engine speed 1500 rpm is plotted and shown in Fig. 4 . The biogas flow rate is presented as biogas energy ratio. This parameter is formulated in Eq. (6) . When the engine load is 1200 W (as shown in Fig. 4a) , for BG60M the maximum brake thermal efficiency is 20% occurs at biogas energy ratio 17%. If the methane concentration of the biogas is increased to 70%, the maximum brake thermal efficiency will increase to 20%. This maximum value occurs at biogas energy ratio 20%. The same fact is also shown by the CI engine at a higher load at 1500 W (shown in Fig. 4a ). For BG60M, the maximum brake thermal efficiency is 20% and it occurs at biogas energy ratio 15%. For BG70M, the maximum brake thermal efficiency will increase to 21.5%. It occurs at a higher biogas energy ratio 18%. These facts suggest that there exists a maximum brake thermal efficiency at an optimum biogas energy rate. This fact was also reported by Nathan et al. [23] . By using a CI engine with HCCI type run in dual-fuel mode, it was also indicated that there exists a maximum brake thermal efficiency as a function of biogas energy ratio. It is strongly affected by intake charge temperature. The optimum biogas energy ratio was varied from 30% to 50% at intake temperature 100°C and 135°C, respectively. In this work, the maximum thermal efficiency and biogas energy ratio are relatively lower than the results by Nathan et al. [23] . This is because the injection system in this work is a conventional one. The present charge temperature is lower because it is not controlled.
The above results reveal that there exists an optimum operational condition for a maximum brake thermal efficiency. The maximum brake thermal efficiency and biogas energy rate strongly depend on load, engine speed, and biogas methane concentration. Higher methane concentration in the biogas results in higher maximum thermal efficiency and biogas energy rate. This is the main finding of this study. As mentioned in the introduction, the main advantage of CI engine run in dual-fuel mode without modification is that it can easily turn back into single-fuel mode. However, operating a CI engine with maximum biogas flow rate decreases the brake thermal efficiency. Thus, it is suggested to operate the CI engine with its optimum biogas flow rate.
Specific fuel consumption
The specific fuel consumption as a function of engine speed for all experiments are shown in Fig. 5 . The specific fuel consumption can be viewed as a parameter to show how effective a power generation system to convert an amount of fuel into mechanical energy. In this work, the sfc varies from 0.42 kg/kWh to 2.57 kg/kWh. The lowest sfc is resulted by the CI engine run in pure diesel mode at engine speed and load of 1500 rpm and 1500 W, respectively. The highest one is the CI engine run in dual-fuel mode with BG60M and flow rate of 6 L/min at load and engine speed of 600 W and 1000 rpm, respectively. The sfc resulted in this study is within the range of typical CI engine run in pure diesel and dual-fuel modes as reported in literature. Homdoung et al. [13] reported the lowest and the highest sfc are 0.74 kg/kWh and 2.0 kg/kWh. Tippayawong et al. [20] showed sfc varied from 0.55 kg/kWh and 0.45 kg/kWh for dual-fuel and pure diesel operations, respectively. Makareviciene et al. [21] reported that their specific fuel consumptions varied from 0.26 kg/kWh to 0.68 kg/kWh.
It can be seen in Fig. 5 , the sfc is affected by engine speed, engine load, and biogas flowrate. It decreases with increasing engine speed and load. This is because at low load and low engine speed the combustion process in the combustion chamber is poor. Increasing the load and engine speed caused a complete combustion process and resulted in a better specific fuel consumption. For all loads and engine speeds, the specific fuel consumptions of CI engine run in dual-fuel mode are higher than pure diesel mode. Furthermore, sfc increases with increasing biogas flowrate. This is because the biogas injected into the combustion chamber is counted as fuel. As a note, the biogas in the present study consists of methane and other gasses. The concentration of methane gas is only 60% and 70%, respectively. This leads to higher specific energy consumption. The effect of methane concentration can be examined by using Fig. 5 . As expected, the specific energy consumption decreases with increasing methane concentration. This is because the higher methane content in the biogas related to smaller non-fuel gasses. This will reduce the fuel consumption.
Exhaust gas emission
The characteristics of brake thermal efficiency can be explained by examining exhaust gas emission resulted by the CI engine. In this study, the exhaust gas emissions is discussed using CO, Opacity (OPC) number, and HC number. As a note, carbon monoxide in the exhaust gas is resulted by incomplete combustion in the combustion chamber due to deficiency of oxygen in the fuel-air mixture 
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Case Studies in Thermal Engineering 10 (2017) [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] or known as the rich mixture. The concentration of CO in the exhaust gas for all loads and engine speeds are shown in Fig. 6 . For the CI engine run in pure diesel mode, the CO number is relatively lower than the CI run in dual-fuel mode. This is because, in the CI engine run in pure diesel mode, the stoichiometric flame speed on diesel is much higher than biogas. This trend also reported by Bora et al. [26] . In addition, the figure clearly shows that there is no strong effect of engine speed and load to the CO number. This is because the deficiency of oxygen in the combustion chamber is not strongly affected by engine speed and load. The same trend is also indicated by Makareviciene et al. [21] . When the biogas is injected into the combustion chamber, the percentage of oxygen in the air is decreased. Thus, the CO number increases with increasing biogas flow rate as shown in all graphs of Fig. 6 . At low loads, the CO emissions of the CI engine at lower biogas flow rate are relatively lower than higher biogas flow rate as shown in Fig. 6a and b. Furthermore, there is no significant effect of methane concentration in the biogas to CO emissions. This is because the concentration of oxygen in the fresh air is not affected by the concentration of methane in the biogas. The deficiency of oxygen is compared to total amount of fuel. The oxygen comes with fresh air. In the case of CI engine run in dual-fuel mode, the fuel is methane and diesel. If the methane concentration increases, at the same time diesel consumption decreases. But, the total of fuel (in term of energy content to be burn) is the same. In other words, at the same load and engine speed, increasing methane concentration results in the same total fuel. Thus, deficiency of oxygen will be the same. As a consequence, CO emission will be the same. These facts suggest that CO emission increases with increasing biogas flowrate. But the CO emission is not affected by the concentration of methane in the biogas. The opacity number as a function of engine speed for all experiments are shown in Fig. 7 . Theoretically, for a CI engine run in pure biogas, the opacity number increases with engine speed and load. This is because the higher engine speed and load make the combustion time shorter and results in higher opacity number. These facts clearly shown in all graphs in Fig. 7 . The same trend is shown by the CI engine at low loads, as shown by Fig. 7a and b for loads 600 W and 900 W, respectively. It increases with increasing engine speed, but there is a maximum value between the minimum and maximum engine speeds. Fig. 7a shows the OPC numbers at engine speed 1000 rpm and 1500 rpm are 9.4% and 13.5%, respectively. The maximum value of 16.9% is capture at 1300 rpm. The same trend is shown in Fig. 7b , the OPC number at 1000 rpm and 1500 rpm are 16.2% and 26.1%, respectively and the maximum value of 30.5% is captured at 1400 rpm. For the cases with higher engine loads, shown by Fig. 7c and d , the OPC number shows a slight difference. The OPC number increases with increasing engine speed and there is no maximum value in between. At load 1200 W (shown by Fig. 7c ) the OPC number at 1000 rpm and 1500 rpm are 25.4% and 48.8%, respectively. Higher OPC number is shown by the CI engine at high load 1500 W (shown by Fig. 7d) . The OPC number at 1000 rpm and 1500 rpm are 25.1% and 60.9%, respectively. 
Case Studies in Thermal Engineering 10 (2017) 179-191 Fig. 7 clearly shows that OPC numbers of the CI engine run in dual-fuel mode are lower than pure diesel mode. Injecting biogas into the combustion chamber will reduce the opacity number of the exhaust gas. For all loads, OPC number decreases with increasing biogas flow rate. This is because increasing the biogas flow rate in the engine run in dual-fuel mode, the consumption of diesel fuel is decreased. It will reduce the opaqueness of the exhaust gas. The effect of the methane concentration in the biogas to the opacity of the exhaust gas can be examined by using Fig. 7 . More concentration of methane in the biogas results in reducing the opacity number of the exhaust gas. This is because more methane in the biogas will reduce more diesel consumption.
As a note, combustion process of the rich mixture in the combustion chamber results in unburnt fuel in the exhaust gas. The unburnt fuel is detected by HC number of the exhaust gas. The HC number vs. engine speed for all loads are shown in Fig. 8 . As expected, for CI engine run in pure diesel mode, HC number in the exhaust gas is very low. For the CI engine run in dual-fuel mode, HC number increases significantly. The figure shows that HC number in the exhaust gas varies from 117 ppm to 534 ppm. The HC number decreases with increasing engine speed and engine load. The same trend and similar variation HC number in the exhaust gas of CI engine run in dual-fuel mode also reported in literature [21, 26, 31] . Fig. 8 clearly shows that HC number increases with increasing biogas flow rate. This is because injecting more biogas to the combustion chamber make rich mixture or concentration of fresh air low. In addition, biogas also has lower flame velocity. These twofold factors result in the incomplete combustion process in the combustion chamber and make a higher unburnt hydrocarbon in the exhaust gas. The hydrocarbon content increases with increasing biogas flow rate. At high engine speed and high load, the combustion process is more effective. This is also shown by higher thermal efficiency. In other words, unburnt fuel decrease with increasing engine speed and load. At low engine load, shown by Fig. 8a , methane concentration shows a slight difference. The higher methane concentration in the biogas results in higher hydrocarbon. However, at high engine loads (shown in Fig. 8b, c, and d) there is no significant effect of methane concentration on HC number in the exhaust gas. These facts reveal that using biogas in the CI engine increase the unburnt fuel, shown by increasing hydrocarbon significantly in the exhaust gas.
Diesel replacement ratio
The main objective of using biogas in a CI engine is to decrease the diesel consumption. In order to explore reduction of diesel consumption in the engine, diesel replacement ratio is used as a comparison parameter. This parameter can be viewed as how much diesel fuel can be reduced when a CI engine is operated in dual-fuel mode. The higher diesel replacement ratio is better CI engine. The diesel replacement ratio as a function of engine speed for all loads are shown in Fig. 9 . The figure indicates that diesel replacement 
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Case Studies in Thermal Engineering 10 (2017) [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] ratio varies from 15.3% to 87.5%. The lowest diesel replacement ratio is shown by the engine when it is operated in the dual-fuel mode with biogas flow rate of 2 L/min at engine speed and load of 1500 rpm and 1500 W, respectively. The highest diesel replacement ratio is shown by the engine when it is operated in the dual-fuel mode with biogas flow rate of 6 L/min at engine speed and load of 1000 rpm and 600 W, respectively. The diesel replacement ratio decreases with increasing engine speed and output power. This is because at high engine speed and load, the combustion process occurs at a very short time. It affects the amount of biogas that can replace the diesel fuel. For all cases, increasing biogas flow rate will increase diesel replacement ratio. However, as shown in Fig. 3 , increasing biogas flow rate will decrease brake thermal efficiency. In other words, using more biogas in the CI engine will reduce diesel fuel consumption but it will make combustion process less effective and reduce brake thermal efficiency. The effect of using higher methane concentration in biogas to the diesel replacement ratio can be seen in the figure. The higher methane concentration in the biogas results in the higher diesel replacement ratio due to increasing energy content in the biogas. The difference is more significant in the higher biogas flow rate. These results suggest that using biogas in a CI engine can reduce diesel fuel consumption significantly. Diesel fuel consumption decreases with increasing methane concentration in the biogas.
Conclusions and recommendations
In this work, a CI engine with rated power of 4.41 kW which typically used for agricultural works has been tested in dual-fuel (diesel-biogas) mode without any significant modification. The biogas used in the experiments made of cow manure by using digester. The concentration of methane in the biogas was 60% (raw biogas) and 70% (enriched biogas). The conclusions of this study are as follows. The CI run in dual-fuel mode results in higher output power in comparison with pure diesel mode. Brake thermal efficiency of the CI engine run in dual-fuel mode is higher than pure diesel mode at low biogas flow rate. But, it lower at higher biogas flow rate. Thus, there exists an optimum biogas flow rate for maximum brake thermal efficiency. The optimum biogas flow rate is affected by engine speed and load also concentration of methane in the biogas. At 1500 rpm and 1500 W, the maximum brake thermal efficiency is 20% at biogas energy ratio of 15% for BG60M. At higher biogas concentration BG70M, the maximum brake thermal efficiency will increase to 21.5% at a higher biogas energy ratio of 18%. Higher methane concentration in the biogas results in higher maximum brake thermal efficiency and biogas energy rate. For all loads and engine speeds, the specific fuel consumptions of the CI engine run in dual-fuel mode is higher than pure diesel mode. The specific energy consumption decreases with increasing methane concentration. The exhaust gas analyses show that CO number increases with increasing biogas flowrate. But the CO number 
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Case Studies in Thermal Engineering 10 (2017) [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] is not affected by concentration of methane in the biogas. The opacity number decreases with increasing biogas flow rate and methane concentration. In addition, hydrocarbon content increases with increasing biogas flow rate. The biogas can reduce the diesel fuel consumption significantly. In the present CI engine, diesel replacement ratio varies from 15.3% to 87.5%. The higher methane concentration in the biogas results in the higher diesel replacement ratio. It is possible to implement a CI engine run in dual-fuel (diesel-biogas) mode without any significant modification. It can be operated with good performances, even with raw biogas resulted from digester. The above facts suggest that the optimum operational conditions of the CI engine run in dual-fuel mode for maximum brake thermal efficiency are at biogas energy ratio of 15% and 18% for BG60M and BG70M, respectively. It is recommended to run the CI engine in dual-fuel mode with biogas flow rate between 2 L/min and 4 L/minute.
